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SPREADING OF EXHWAUST JET FROM 16-INCH RAM JET
AT MACH NUMBER 2.0

By Fred Wilcox and Donald Pemnington

SUMMARY

An investigation of the Jjet-spreading characteristics of & 16-~inch
ram-jet engine was conducted in the 8- by 6-foot supersonic tunnel at
& Mach number of 2.0; both a converging nozzle having a contraction
ratio of 0.71 and a cylindrical extension to the combustion: chamber
wvere used. The jet boundaries determined by means of pitot pressure
surveys were compared with boundaries calculated from one-dimensional
continuity and momentum relations.

For the cylindrical nozzle, the jet reaches its maximum diameter B
4 percent greater than calculated, about 0.6 nozzle-exit dismeter down-
stream of the nozzle exit. The maximum diameter for the converging
nozzle was 7 percent greater than calculated from one-dimensional rela-
tions and occurred from 1 to 1.5 nozzle-exit dismeters downstream of ]
the exlt. v

Nondimensional maximum jet dlameters agreed closely with results
of an investigation by Rousso and Baughman; these data were obtained
with low-tempersture jets exhausting into g stream st a Mach number -
of 1.91 from nozzles having exit dismeters of 0.75 inch. Yoo

INTRODUCTION

Information on spreading characteristics of jets issuing from .
choked nozzles into supersonlic streams has thus far been obtained from ' °
small models. In reference 1, jets were investigated for several '
0.75-inch-dismeter nozzles exhausting into a Mach number 1.91 stream.

Air heated to 300° F was used in the Jjet, which had a ratio of total
pressure at the exit to free-stream static pressure varying from 2.5 : ]
to 16. The jet boundasry was obtained by means of a thermocouple reke. j

Because the existing information was obtained with jets of small .
size and low temperature, it was desired to compare it with the trends e
reported with jets of larger dlameter and higher gas temperature. A
16-inch-dismeter jet with temperatures from 135° to 2640° F and pressur@.r -
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rgtlios from 2.65 to 5.35 was obtained with the 16-inch ram-Jjet engine
reported in reference 2. The englne was operated in the Lewls 8- by
6-foot supersonic tumnnel at a Mach number of 2.0 with a converging and

a cylindrical exhaust nozzle. Jet boundaries were obtained to 2.7 nozzle-
exit diameters downstream by means of a pitot pressure survey.

SYMBOLS
The following symbols are used in this report:

A#/AJ ratioc of area at nozzle exit to area for complete Jet expansion

M Mach number

P total pressure

yol static pressure

T ratio of specific heats

Subscripts:

e exhaust nozzle exlt

J condition in Jet where value of static pressure is equsl %o

ambient pressure

P pitot pressure
¢ ambient
1 behind a normal shock occurring at free-stream Mach number

APPARATUS AND PROCEDURE

Installation of the ram-jet engine in the tunnel is shown schemati-
cally in figure 1. The engine and its mounting 1n the tunnel were the
same as that described in reference 2. The engine dlameter was 18 inches
and its over-all length wag 15.6 feet.

The two exhaust nozzles were the same as those reported in refer-
ence 2. The converging nozzle was 18 inches long and had a contraction
ratio of 0.71. Its boattail half-angle was 4°. The cyllndrical nozzle
was an extension of the combustion chamber. -

The cen-type combustor reported in reference 2 (and utilized herein)
employed propylene oxlde for the cylindrical nozzle; preheated gasoline,
introduced through & slightly modified fuel-injector system was used for
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the converging nozzle. For all the data presented, the engine diffuser
was operated supercritically, that is, with no spillage of air. The
tunnel Mach number was 2.0, and the pressure altitude was about

37,000 feet.

Jet boundaries were obtained from a survey of the jet made with
the water-cooled movable rake shown in figures 1 and 2. It was mounted
from the tunnel side wall 4 feet from the floor and extended across the
exit jet. By means of a remote-controlled mechanism the rske could be
positioned at any point from the nozzle exit to 2.7 nozzle diameters
downstream. Locations of the static- and totel-pressure tubes in the
rake gre given in table I. Only the tubes located in the reglon of the
exhaust jet were water cooled, and these tubes were also used in com-
puting the jet temperature by the methods employed in reference 2.

The static tubes in the jet were made of 5/16-inch-outside-dismeter
Inconel tublng with orifices located 12 diameters downstream of the
pointed tip.

RESULTS AND DISCUSSION

Typlical reke data are shown 1n figure 3 for the converging nozzle
operating at a nozzle pressure ratio Pe/po of 5.35 and a total tem-
perature of 1740° F. The data are presented as the rgtio of pitot pres-
sure to free-stream pitot pressure Pp/Pl' It should be mentioned that

the pitot pressure is not the true total pressure, because of the loss
across the normal shock in front of the pitot tube. Tabulated on the
figure is the ratio of average static pressure in the jet to free-stream
static pressure p/po. The static pressure in the Jet was teken as the
arithmetic average of readings from the three water-cooled static tubes,
which gave a reasongbly flat profile for all survey positions.

By definition the Jet boundary is taken as the point of lowest
measured total pressure. This point is in the mixing region between
the low-energy air in the external boundsry layer and the edge of the
Jet.

From figure 3(a) it is seen that when the rake position was
0.0) nozzle-exit dilsmeter from the nozzle exit, the jet boundary occurred
at the edge of the nozzle. The fact that the value of P /Pl exceeded

1.0 at about 1.3 nozzle diameters from the center of the jet is physically
Justified because of the shock from the nozzle exit (which would also
occur in flight) and the complicating influence of reflected oblique
shocks from the tunnel wall. As the rake was moved from the nozzle exit
to 0.45 nozzle-exit dlameter downstream, the jet boundary spread to a
radius of 0.59 nozzle-exit dismeter, and the static pressure rstio p/po
decreased from 3.24 to 1.22.
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The Jet boundary for rake positlons from 0.9 to 2.69 nozzle-exit
diameters had a radius of about 0.85 nozzle-exit dlameter (fig. 3(Db)),
end the values of p/po in the Jet were near 1.0, a condition indicating
that beyond 0.9 diameter of the nozzle exit the Jet is fully expanded.

As the rske was moved from 0.9 to 2.69 nozzle-exit dlameters, the total-
pressure profile In the Jet tended to slope less sharply at the edges of
the Jjet. From the results of reference 3, 1t might be expected that tem-
perature profiles for the Jjet would be slmilar to the total-pressure
profiles. ’

A summary of Jjet-boundary data for the converging nozzle obtained o
from the rake 1s presented in figure 4. The data shown are for gas
total temperatures ranging from 135° to 1740° F. Since the engine was
operated supercritically, as the exit total temperature was increased
(from 135° to 1740° F), the nozzle pressure ratio also increased (from
2.65 to 5.35). Combustion efficiencies were approximately 60 percent;
the amount of combustion teking place in the Jjet is unknown.

In figure 4 the measured Jjet radius is compared with the calculated
Jet radius for one-dimensional expansion. In the calculation of Jjet
radius, the theoretical Jet Mach number Mj end the Jet area ratio A.*/AJ

were obtained from one-dimensional continuity and momentum relations for
the exhaust jet between the nozzle-exlt and. free-stream conditions. The
ratio of specific.heats 1 used was 1.4 for total temperatures below
300° F and 1.3 for higher tempersatures, although the effect of variation
in 1 was slight. The method of characteristics also provides a mesans
of predicting the jet boundary. For the present axislly symmetric case,
ite use was not considered Jjustified.

For the converging-nozzle data shown, no measurable Jet expansion
‘wag observed for the lowest nozzle pressure ratio, 2.65. However, the
Jet spread an increasing amount as the pressure retio was raised from
4.0l to 5.35. The maximum Jet diameter was attalned sbout 1 to
1.5 nozzle-exit diameters downstream of the nozzle exit. The measured
Jet radius was from 3 to 7 percent higher than the one-dimensional cal-
culation with nozzle pressure ratlos greater than 4.0L. Pactors which
account for this increase are overexpansion of the jet, continued burn-
ing downstream of the nozzle exit, and mixing of air from the boundary
layer on the outside of the tail pipe.

A curve from filigure 15 of reference 1, for a nozzle pressure ratilo
of 4.6 with a converging nozzle in a Mach number 1.91 stream, is shown
for comparison (fig. 4). For this case also, the maximum jet diameter
was reached at gbout 1.5 nozzle-exit diameters downstream; the measured
Jet radlus was 6 percent greater than the calculated. The boattail
angle for the converging nozzle of reference 1 was 5.63° compared to 40
for this investigation, and the ratio of boundary-layer thickness to
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nozzle-exit diameter for reference 1 was roughly comparable with that.
for the cylindrical nozzle of this investigation. Close agreement
between the data of reference 1 and the data obtained with the 16-inch
ram jet was obtained to a distance of sbout 1.4 nozzle-exit diameters

downstream.

A qualitative consideration (two-dimensional charscteristics) of
the effect of convergence angle on the orientation of the external shock
and of expansion Mach lines from the exit indicated that shorter Jet-
expansion distances would be expected with the convergent as compared
with the cylindrical nozzle. The actual dsta obtained with the
cylindrical-nozzle configuration are shown in figure 5. In this case,
the exit total temperatures varied from 1330° to 2640° F, and the nozzle
pressure ratio varied from 3.04 to 4.5. Contrary to expectations, the
Jet expanded in a shorter axisl distance than for the converging nozzle;
the expansion reached a maximum (4 percent greater than calculated for
a nozzle pressure rgtio of 3.5) about 0.6 nozzle-exit diameter downstream.

The maximum Jjet diameter might also be expected to be decreased by
an increese in convergence angle. On the contrary, the ratio of maximum
Jet radius to nozzle-exit diameter was larger for the convergent nozzle
than for the cylindrical nozzle at comparable pressure ratios. This
observation results in part from the thinner boundary layer observed
for the cylindrical nozzle as shown in figure 6. These boundary-layer
profiles are typical of all operating conditions and were only slightly
affected by exhaust-gas temperature in the range investigated. The
boundary-layer curves were faired through data points obtained for oppo-
site sides of the nozzle from the survey rake located at the nozzle exit.
The thicker boundary layer of the convergent nozzle not only provides
more low-energy alr for mixing with the Jet but also provides a cushion
to weaken the strength of the oblique shock at the exit and hence to
increasgs the expansion angle at the jet exit.

SUMMARY OR RESULTS

From en investlgation of Jjet spreading downstrsam of a 16-inch ram-
Jet englne operating at exhaust-gas total temperatures from 135° to
2640° F, with both a converging snd a cylindrical exlt nozzle in a Mach
number 2.0 supersonic stream, the followlng results were obtained:

1. The maximum diameter of the jet exceeded the one-dimensional
calculation by about 7 percent of the radius for the converging nozzle
end 4 percent for the cylindrical nozzle.

2. The Jet reached its maximum diameter from 1 to 1.5 nozzle-exit
diameters downstream for the converging nozzle and sbout 0.8 diameter
dowvnstream for the cylindrical extension to the combustion chamber.
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3. Nondimensionsal maximum jet diameters agreed closely with pre-
vious results which were obtained on small-scale models operating at

much lower temperatures.
Lewis Flight Propulsion Lsboratory -
Nationel Advisory Commlttee for Aeronautics
Cleveland, Ohio
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TABLE T - PRESSURE-TUBE LOCATIONS FOR JET SURVEY RAKE

Uncooled tubes

Water-cooled tubes

Distance from Tube Distance from Tube
Jjet centerline Jjet centerline
(in.) (in.)
left side +left side
(looking downstream) -right side

10.61 Total

9.87 Total

9.12 Total

8.56 Total

8.12 Total

7.61 Total

30.94 Total 7.25 Total
28.50 Static 6.87 Total
26.12 Total 6.44 Total
23.61 Static 6.00 Total
21.25 Total 5.50 Total
18.87 Total 4.94 Total
16.37 Total 2.61 Static
13.94 Statilc .19 Static
-1.39 Total

-3.13 Total
-4 .69 Static

-6.19 Total

-6.56 Total

-7.00 Total

-7.39 Total

-7.81 Total

-8.31 Total

-8.81 Total

-9.586 Total

~-10.31 Total

-11.25 Total




Figure 1. - Schematlc dlegrem of inetallation of 16-inch rem-Jet engine in 8- by 6-foot
supersonic twmsel.
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Ratlo of plitot pressure to/fr*ee-strea.m pitot pressure
51

U
4t Rake position, Local static pressure ,
i nozzle-exit Free-streem statlc pressure
diam ?/Po
o] ¢.0L 3.24
) .15 2.41 Edge of % Edge of
| o < .45 . 1.22 nozzle nozzle
2.5 2.0 1.5 1.0 .5 0 5 1.0

Distance from Jet center line, diam '
(a) Survey at 0.01, 0.15, and 0.45 nozzle-exit diameter.

Figure 3. - Wake survey behind engine for converging nozzle. Jet total temperature, 1740° F;
_ nozzle preseure ratio Pe/POJ 5.35.
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Figure 3. - Jonciuded. Wnke survey behind engine for converging mozzle. Jet total ilemperature,
1740° F; nozzle pressure ratlo Pe/PO’ 5.35
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Nozzle Exit total Calculated radivs . ~ Redius measured
presgure tempera- . for completle Calculated radius for complete expansion
ratio ture expansion
Pa/P0 °F diem
o) 2.65 135 . 0.513 0.98
g 4.0L 820 . .572 1.06
<@ 4,43 988 - .bB0 1.07
A 4.92 1401 .609 1.06
4 535 1740 .625 1.03
—_— 4.6 300 .584 1.06 (reference 1)
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Pigure 4. - Sprea.diné of jet from converging nozzle,
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Rozzle Exit total Calculated radius Radlus measured
Pressure tempera-- for complete Calculated redius for complete expansion
" retio ture expansion
P./Bgy Cp dlam
o 3,04 1330 0.533 1.00
o 3.4 1550 547 .98
¢ 3.5 1720 .552 1.04
A 4.5 2540 593 .95
..da, .6
o 4ol —~ >
[s] 3 ﬁ o
Qg |t <) O—
i 5
s ol " 8 1.2 1.6 2.0 2.4 2.8

Distance downstream of nozzle exit, diam

Figure 5. - Spreading of Jet from cylindrical nozzle.
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Radial distance from edge of nozzle,' in.

Cylindrical nozzle :
o Right side (looking downstream)
0 Left |
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Figure 6. - Typical boundary-layer profiles for two exheust nozzles.
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